Abstract The functional analysis of the TAPETUM DEVELOPMENT1-like analog Eg707 of oil palm was carried out in rice by over-expressing Eg707 under the control of a double cauliflower mosaic virus 35S promoter. Ectopic expression of Eg707 in rice induced dark green and matured compact brownish calli compared to pale wild type and negative control calli. Regenerated transgenic rice plants exhibited a reduction in organ size and plant height, rolled, erect leaves, less tillers, increased chlorophyll content, and reduced fertility with smaller green seeds. At the molecular level Eg707 overexpression caused an increase in the transcription of SAPK9, a SnRK2 protein kinase family member that is activated by ABA and hyperosmotic stress. Together, the results show that ectopic Eg707 expression influences cell division and differentiation, presumably via altered hormone homeostasis.
Introduction
In attempts to understand the prevailing problems in oil palm tissue culture such as the low rates of callogenesis and embryogenesis, a total of 32,136 expressed sequence tags (ESTs) from oil palm were sequenced [1, 2] . ESTs are useful for gene identification, expression analysis and fulllength cDNA isolation [3] . However, comparative expression analysis and gene sequence analysis is not adequate to determine gene function [4] . With the help of bioinformatic tools, gene functions are annotated to genome sequences, yet the in silico analysis is only indicative and is generally not sufficient to define the function. Even in cases whereby some indications become available from in silico analyses, experimental evidences are required [5] . Gene overexpression study is one of the methods commonly used to gain insight into the function of specific genes, in particular for those with putative signaling functions [6] [7] [8] . Overexpression is accomplished by fusing the gene of interest downstream of a constitutive strong promoter such as the cauliflower mosaic virus 35S (CaMV 35S) that drives high levels of transcription of a gene's coding sequence [9] . In addition to excess in transcription, the expression occurs in an unspecific manner in a variety of cell types causing ectopic gene expression patterns [10] . The goal of these studies is to observe phenotypic change associated with the misexpression of the gene investigated. The native gene's function is subsequently deduced from the morphogenetic, molecular and biochemical changes that are observed to occur specifically in the transformants [6] . Previously, a cold plaque screening of oil palm embryogenic suspension culture cDNA library was conducted to isolate low and medium abundant genes possibly related to embryogenesis. These cold plaque clones allowed the identification of Eg707, a gene that is highly expressed in suspension cultures and in embryogenic callus relative to non-embryogenic callus [11] . Southern analysis showed that Eg707 is likely a single copy gene in oil palm [11] . As Eg707 is a potential candidate marker for embryogenesis in oil palm [11] , we generated rice plants overexpressing Eg707 and investigated the phenotypic effects on callus growth, plant development and reproduction.
Materials and methods
The cDNA clone Eg707 [11] ; GenBank Accession number: FJ196316) was kindly provided by the Malaysian Palm Oil Board. The rice variety Taipei (309) was planted and harvested at a greenhouse in Ladang 3, Faculty of Agriculture, Universiti Putra Malaysia and used for transformation.
Phylogenetic tree
A phylogenetic tree was constructed using the neighbour joining method via MEGA4 package [12] . The reliability of the neighbour joining tree was estimated by bootstrap analysis of 1,000 replicates.
Vector construction
To drive the over-expression of Eg707 in rice, an overexpression cassette was made using the Gateway technology according to the user's manual (Cat. No. 12535-019, Invitrogen, Carlsbad, CA, USA). The open reading frame (ORF) corresponding to the entire coding region of Eg707 was flanked with attB sites by using PCR primers F-attB1-Eg707 and R-attB2-Eg707 (Table 1) for Gateway cloning. The attB1-Eg707-attB2 fragment product was cloned into the pDONR TM /Zeo (Cat. No. 12535-019, Invitrogen, Carlsbad, CA, USA) to create an entry clone with the help of BP clonase catalysed reaction (Invitrogen). Subsequently, the attB1-Eg707-attB2 fragment from the entry clone was transferred to the destination vector pMDC32 [13] to create the expression vector pMDC-Eg707 (Fig. 1) . The destination vector pMDC32 was digested with XbaI restriction enzyme (NEB, UK) to eliminate the ccdB gene and the digested plasmid DNA was self-ligated using T4 DNA ligase (Invitrogen, CA, USA) following the manufacturer's instructions to create the empty vector pDMC (-32) . This empty vector containing the 2xCaMV35S promoters and NOS terminator without the Eg707 and ccdB gene was used as the negative control for transgenic analysis. The recombinant vectors were electroporated into the Agrobacterium strain LBA4404. The A. tumefaciens LBA4404 harboring the constructs were used for rice transformation following the procedure described [14] . Transformants that survived on the medium containing hygromycin were checked for the overexpression cassette by PCR. The F-attB1-Eg707 (Table 1) , Nos (R: GACACCGCG CGCGATAATTTATCC), CaMV 35S promoter (F: GC TCCTACAAATGCCATCA and R: GATAGTGGGAT TGTGCGTCA) primers were used to verify the transgenic plants. The plants were transferred to soil and grown in a greenhouse under controlled environmental conditions. Estimating the copy number of the transgenic plants using real time PCR Genomic DNA from transgenic and non-transgenic plants was extracted according to the method of [15] . TaqMan quantitative real-time PCR was used to calculate the transgene copy number by using a relative quantitative method as described in [16] . In this study, a validated single copy sucrose phosphate synthase (SPS) (Acc No. U33175) [17] was selected as an endogenous reference gene and hygromycin phosphotransferase (HTP) (Acc No. AF234297) was selected for determining the numbers of copies of exogenous gene. All oligonucleotide primers and TaqMan probes (Table 2 ) were designed and synthesized by Sigma-Proligo (Sigma-Genosys, Sigma-Aldrich Co., USA).
Transgene expression analysis RNA levels were determined from ten independently isolated overexpression lines carrying the 2x35S::Eg707 construct and ten lines carrying the empty vector control pMDC (-32) . Because overexpression of Eg707 lines were fully infertile, only the T 0 transgenic lines were analysed. Total RNA of non transgenic and transgenic rice leaves were obtained by the easy-BLUE TM Total RNA Extraction Kit (Cat. No. 17061, iNtRON Biotechnology, Korea). The first-strand cDNA, synthesized from 2 lg total RNA using QuantiTect reverse transcription kit (Cat No. 205311, Qiagen, Germany), was used for real time PCR quantification analysis. The reference gene, elongation factor 1-alpha (eEF-1a) ( [18] , Acc. No. AK061464), was used to normalize the data of all tested samples. The transcript levels of Eg707 and SAPK9 were normalized against the endogenous control eEF-1a transcript levels as described in the ABI PRISM 7700 Sequence Detection System user bulletin #2 (Applied Biosystems, USA). All oligonucleotide primers for expression analysis were designed and synthesized by Sigma-Proligo (Sigma-Genosys, SigmaAldrich Co., USA) ( Table 3) . PCR amplification was performed using the IQ TM 5 real-time PCR system (BioRad, USA) with the Brilliant SYBR Green qPCR master mix (Sigma, USA). The relative transcript levels were tabulated using the comparative C t method [19] . 
Statistical analysis
Morphological analysis was carried out on T 0 transgenic and non transgenic plants using both quantitative and qualitative characters. Plant height, leaf blade length, leaf blade width, panicle length, seeds number, grain length and grain width were measured as quantitative characters. Morphological data were analyzed using the SAS software package (Version 8.0, SAS Institute Inc., Cary, NC, USA).
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HPT NOS attB2 attB1 Eg707 ORF 2X35S Duncan's Multiple Range Test was used to compare the mean values among the tests at 95 % probability.
Results

Phylogenetic tree
The full length protein sequence of Eg707 was used as a query in a TBLASTN search. Eg707 and similar members identified from Genbank with scores above 100 were used to build a neighbour-joining tree shown in Fig. 2 . The sequence with the highest similarity to Eg707 was TAPE-TUM DEVELOPMENT1 like (AtTDL1) from Arabidopsis thaliana. Eg707 is more distantly related to TPD1 from Arabidopsis that has been shown to play a role in tapetum development [20] . Rice harbors also two TPD1 like copies, OsTDL1A and OsTDL1B. However, these are not closely related to the oil palms Eg707 despite the fact that it is also a monocotyledonous species.
Genotypic analysis of transgenic plants
Because it has been shown that the overexpression of TPD1 causes severe defects in reproduction, we decided to follow the same strategy. To do this, DNA plasmid constructs for expressing the Eg707 open reading frame (ORF) were developed as described in the Materials and Methods. Two constructs were generated: 2x35S::Eg707 for overexpression of Eg707 and a control plasmid pMDC(-32) to evaluate phenotypic effects independent from Eg707 overexpression (Fig. 1) . One hundred clusters of putative transformed 2x35S::Eg707 calli regenerated 13 independent putatively transgenic plants. The presence of the Eg707 overexpression cassette was demonstrated by attB-Eg707, CaMV 35S promoter and Nos primers in all candidate transgenic plants (Fig. 3) . The wild type calli regenerated also many plants and nine independent isolates were used as negative control. In addition nine independently isolated transgenic lines carrying an empty vector were included for the analysis to rule out any inadvertent effects from the transformation and selection protocol.
Glycine max XP_003528097 (1)
Glycine max XP_003528097 (1) Vitis vinifera XP_002280540 (1) Populus trichocarpa XP_002318153 (1) Medicago truncatula XP_003617848 TPD1 
Eg707 overexpression stimulates chlorophyll accumulation
Agrobacterium mediated transformation generated 140 clusters of callus for the empty vector and the Eg707 overexpression construct. The transgenic calli were grown on selective hygromycin containing medium whereas wild type callus was grown on non-selective medium. After 20 days, the wild type and empty vector control produced yellowish calli whereas calli transformed with 2x35S::Eg707 were dark green and showed sectors which were compact and brown (Fig. 4) . Upon further inspection, wild type calli and empty vector control calli also showed green sectors but these were significantly smaller than in the overexpression calli (Fig. 4d) . We then induced shoots on regeneration medium. The leaves of regenerated plants were also darker green than the control leaves, suggesting that overexpression of Eg707 leads to increased expression of chlorophyll biosynthesis. We therefore determined the chlorophyll content from regenerated rice plants (Fig. 4d) . The chlorophyll a levels in the flag leaf in Eg707 overexpression lines was significantly lower than that of the control and wild type plants (Table 4 ). In contrast, chlorophyll b and total chlorophyll content were significantly higher than in control and wild type plants (Table 4) . Hence, the chlorophyll a/b ratio was reduced in Eg707 overexpression lines ( Table 4) .
Expression of Eg707 in transgenic rice plants
Eg707 transcript levels in control plant regenerated from callus and transgenic plants were determined using real time PCR analysis. The transcript levels were 8 to 20-fold higher in overexpression lines than in control plants (Fig. 5a ). We also determined the T-DNA copy number and found that Eg707 expression levels correlated with the copy number of the Eg707 expression cassette (r = 0.931) (Fig. 5b) .
Eg707 overexpression reduces plant height and number of tillers
Transgenic and control plants were grown in the green house until the flowering stage and then analyzed for morphological and physiological characteristics. The 2x35S::Eg707 transformed plants were significantly shorter and produced less tillers compared to the control and wild type plants (Fig. 6 ). There was no difference in plant height and number of tillers between the control and wild type plants (Fig. 6d) . To investigate whether the reduction in plant height was caused by a change at the cellular level, we performed histological sections of the second internodes from the base of the plants. The longitudinal (LS) internode section of 2x35S::Eg707 transgenic plants showed that the length of the parenchyma cells (73.7 lm) was decreased compared to wild type (108.4 lm) and control transgenic (117.8 lm) cells at a similar position (Fig. 7) . In the cross section we observed that the parenchyma cell density or cell number (4.33 cells) and cell size between two vascular bundles in 2x35S::Eg707 plants was lower than that in control (5.13 cells) and the wild type (5.07 cells) plants (Fig. 7) . These results suggest that the smaller stature of Eg707 overexpression plants was a result of both a reduction in cell division (less cells per tissue layer) and reduced cell expansion (smaller cells).
Eg707 overexpression reduces leaf size and leaf numbers
In addition to a difference in size, Eg707 overexpression plants displayed more erect and rolled leaves compared to the leaf phenotypes of the control and wild type plants. Table 5 shows the average number of leaves which were significantly lower in the overexpression lines compared to wild type and pMDC(-32) plants. In addition, the length and width of the flag leaf from the 2x35S::Eg707 plants were significantly shorter and narrower than that from the 
To plants wild type and negative control plants (Table 5) . However, the length to width ratio of the flag leaf was not significantly different (Table 5 ). The copy number of the introduced Eg707 gene did not linearly correlate with the length and width of the flag leaf (data not shown).
Eg707 overexpression causes seed abortion and reduced rice seed filling
We also investigated sexual reproduction and found that the panicles in overexpression lines were much smaller (Table 6 ). This was probably caused by a partial abortion of seed formation leading to a reduction in the number of seeds to about half of the control plants (Table 6 ). In addition, seed size was reduced ( Fig. 8 ; Table 6 ). The seed from control plants were rounder at the tip and wider compared to seeds derived from 2x35S::Eg707 plants (Fig. 8e, f) . We also noticed that seeds of control and wild type plants ripened earlier than those of the 2x35S::Eg707 plants which remained green at the same stage of development (Fig. 8e, f) .
Eg707 overexpression lines show increased expression of SAPK9
In the subsequent series of experiments, we analyzed the impact of Eg707 overexpression on SAPK9 transcript levels in the transgenic rice plants. SAPK9 is a serine threonine kinase with high similarity to the SnRK kinases involved in ABA controlled response to osmotic stress [21] . In previous experiments we have shown that the oil palm orthologue EgSAPK9 is abundantly expressed in embryogenic callus [22] similar to increased expression levels of the the Medicago sativa orthologue MtSK1 in Medicago embryogenic callus [23] . The rice SAPK9 transcript levels were significantly increased in Eg707 overexpression lines (Fig. 9) , suggesting that Eg707 acts upstream of SAPK9.
Discussion
We previously isolated an oil palm cDNA Eg707 corresponding to an EST that is highly enriched in cell suspension cultures and in embryonic and non-embryonic callus [11] . In situ hybridization revealed that Eg707 is expressed in embryos and embryonic tissue. Because Eg707 is potentially involved in embryogenesis we decided to investigate its function by means of overexpression studies. As oil palm is difficult to transform we selected rice as a suitable monocotyledonous alternative. The rice variety Taipei was relatively easy to transform albeit that the number of transgenic regenerants carrying the overexpression cassette was lower compared to the transformation with the empty vector. Transgenic plants carried one or two T-DNA copies, much lower than six copies reported in other rice transformation studies [24, 25] . Transgenic plants carrying the 2x35S::Eg707 expression cassette expressed different levels of Eg707 transcript independent from the T-DNA copy number. The variability in transgene expression observed may have been due to positional effects, the integrity of the expression cassette, differential methylation or the influence of environmental conditions under which the transgenic plants were grown [26] [27] [28] . Similar variability in expression was previously reported for potato, tobacco and rice [29] [30] [31] [32] . Nevertheless, increased expression of Eg707 invariably correlated with a range of phenotypic properties not occurring in control plants. Because these plants were sterile we analysed T 0 transgenic candidates and compared their phenotype with empty vector control plants.
The overexpression of Eg707 in rice resulted in a pleiotropic phenotype with altered biochemical composition of the chlorophyll content, a change in growth stature and morphology, and reduced fertility and reproduction. Collectively, the profound changes in plant developmental processes throughout the plant life cycle suggest that Eg707 overexpression affects fundamental processes controlling plant metabolism growth and development. The overexpression effect of TAPETUM DEVELOP-MENT1 (TPD1), the founding member of the TPD1 gene family also leads to sterility, however, the developmental defects are restricted to the tapetum and the carpel [33] . Similar to what we observed in Eg707 overexpression plants, ectopic expression of TPD1 causes the induction of cell divisions in the carpel, suggesting that TPD1 family members regulate cell fate by controlling the entry into the cell cycle. A consistent increase in chlorophyll accumulation was observed in undifferentiated callus, as well as in seed coats and in leaves of Eg707 overexpression plants. Calli overexpressing Eg707 were more frequently green and produced brown compact sectors that were not observed in wild type and empty vector control calli. Moreover, these calli showed a lower frequency of plantlet regeneration (9.3 % or 13 plants/140 calli clusters). The current results do not allow distinguishing whether chlorophyll accumulation is a direct effect of Eg707 overexpression or whether it is the result of an alteration in hormone homeostasis. Greening of callus is typically attributed to treatment with exogenous cytokinin or the stimulation of cytokinin production by means of ectopic expression of for example ipt [34] . However, the greening of callus is not exclusively caused by cytokinin. In our lab we observed the induction of green calli with brown sectors upon exogenous ABA applications on Taipei 309 rice (Oryza sativa Japonica) and this has also been reported for other rice varieties [35, 36] . Moreover, the continuous presence of ABA reduces the regeneration capacity [37] in contrast to cytokinin that typically improves the formation and growth of transgenic shoots [38] . Other hormones like brassinosteroids (BR) may equally be candidate for being affected by Eg707 overexpression as it has been shown that reduced sensitivity to BR leads to increased chlorophyll levels in leaves and seeds [39] .
Overexpression of Eg707 also affected plant architecture with a significant reduction in plant height, number of tillers and number of leaves. These characteristics strongly point toward a change in cell division and cell expansion. Indeed, histological analysis of longitudinal and cross sections of transgenic plants revealed that there were fewer cells in for example the cortex and that the cells were shorter compared to the wild type. At the organ level the reduction in cellular growth may be responsible for the formation of shorter and more erect leaves, which often were rolled instead of displaying a regular flat shape. The formation of rolled leaves has been reported several times in rice mutants and in transgenic plants. For instance, the overexpression of an analogue of Argonaute was shown to cause upward curling of leaf blade and an enhanced erect leaf habit [40] . Leave rolling toward the abaxial side is also reported for rice overexpressing OsiICK6, a member of the ICK inhibitors of cyclin-dependent kinase CDKA [41] . These findings suggest that cell proliferation is critical in maintaining an even growth along the dorsal-ventral plane of leaf blades and is in agreement with the observed cell growth defect in Eg707 overexpressing lines. Similar to Eg707 overexpression lines, rice plants overexpressing OsiICK6 show multiple phenotypic effects on plant growth, morphology, pollen viability and seed setting. The similarity in the range of phenotypic effects at the plant level and the cellular level support the hypothesis that Eg707 influences fundamental processes, presumably via hormone signaling. In rice, plant height is controlled by the interaction of several hormones. Dwarfism can be caused by reduced production (or reduced sensitivity) of gibberellic acid, brassinosteroids, ethylene and cytokinin [42] . The number of tillers has been shown to be under the control of auxin and strigolactone signaling [43, 44] . The overexpression of Eg707 might also influence abscisic acid (ABA) biosynthesis because it alters the transcription level of SAPK9, a SnRK2 protein kinase family member that is activated by ABA in rice [21] .
The phenotypes of overexpression of Eg707 plants were similar with the previous findings whereby high concentration of exogenous ABA application on plants inhibited shoot bud formation from rice [36, 37] and also inhibited tiller bud release and internode elongation in oats [45] . According to Ali et al. [46] plants accumulated high amount of ABA showed inhibition in growth. Kutschera and Schopfer [47] found that the inhibited growth by ABA application at high concentration on maize was due to a reduction of the cell extensibility. The growth of tomato plants was inhibited by ABA due to a reduction in cell division [48] .
The seeds from the transgenic plants were delayed in ripening as observed in the slower color change from green to yellow compared to the seeds from the negative control and wild type plants. Several studies on various plants such as sunflower [49] , maize [50] , pea [51] , and tomato [52] have shown that the cell cycle was blocked or slowed down by exogenous ABA at high concentrations. The constitutive over-expression of Eg707 in transgenic plants produced empty seeds. Similarly, over-expression of the membrane protein TPD1, which is 55 % identical to Eg707 protein, also produced fully sterile seeds in wild-type Arabidopsis under the control of a constitutive CaMV35S promoter [33] .
In addition to acquiring a better understanding of the oil palm Eg707 gene function through the observed phenotypic changes in rice due to Eg707 overexpression, the role of Eg707 during oil palm tissue culture may have an important consequence towards the genetic improvement of oil palm. However, further studies should be conducted to understand the association of Eg707 gene expression and ABA biosynthesis or signaling, which may be useful in improving or manipulating the oil palm tissue culture process.
